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Abstract
Muscovite mica is an important mineral that has become a standard substrate, due to its easy
cleavage along the {001} planes, revealing a very flat surface that is compatible with many
biological materials. Here we study mica surfaces by dynamic atomic force microscopy (AFM)
operated in the non-contact mode (NC-AFM) under ultra-high vacuum (UHV) conditions.
Surfaces produced by cleaving in UHV cannot be imaged with NC-AFM due to large surface
charges; however, cleavage in air yields much less surface charge and allows for NC-AFM
imaging. We present highly resolved NC-AFM images of air-cleaved mica surfaces revealing a
rough morphology originating from a high density of nanometre-sized particles. Among these
particles, we find regularly shaped structures indicating the growth of crystallites on the surface.
The contamination layer cannot be removed by degassing in UHV; even prolonged heating at a
temperature of 560 K under UHV conditions does not yield an atomically flat surface.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Mineral surfaces are abundant in nature. They have diverse
functions in the non-living world as well as for living
organisms, and play a key role in fundamental research on
mineral dissolution, precipitation, and crystal growth [1, 2].
One of the most prominent mineral surfaces is that of
muscovite mica, which is renowned for its very large,
atomically flat, and chemically inert surfaces produced by
perfect cleavage parallel to the {001} planes [3]. Mica is
widely used as a substrate in fields such as scanning probe
microscopy, biotechnology, and material science, because its
perfect cleavage makes it suitable for depositing biological
materials [4, 5], thin metallic films [6, 7], or ordered molecular
layers [8, 9]. To interpret and predict the adsorption and
possibly reaction of these materials on the mica surface, it is,
therefore, of greatest importance to understand the structure
and morphology of cleaved mica surfaces down to the atomic
scale.
It has long been known that air-cleaved mica surfaces
are covered with a layer of airborne contaminants [10, 11]
which readily adsorb on freshly cleaved faces. The process
of surface degradation is facilitated by surface charges, and
it has been proposed that specifically carbonaceous gases
react with water present at the surface [3]. Studies with the
surface force apparatus indicate that these surface precipitates
are water soluble and that the contamination layer can be
removed by immersing the mica surface in water [11–13].
When using mica as a substrate in UHV applications, the mica
surfaces are usually cleaved in air, transferred into the UHV
chamber, and degassed under UHV conditions [6–9, 14]. It
is generally believed that annealing mica surfaces for 1–2 h
under UHV conditions at temperatures around 500 K removes
the adsorbed water film and other contaminants that are present
on the surface, revealing an atomically flat surface. In this
contribution we demonstrate that this is not at all the case, and
we shed light on the apparent surface structure of mica subject
to thermal treatment in UHV.
Muscovite mica belongs to the family of clay minerals,
and the crystal structure of mica is typically associated with
the chemical formula KAl2(Si3Al)O10(OH)2. A bulk crystal
of mica is composed of negatively charged aluminosilicate
layers in which the negative charge of the layers arises from
a substitution of a quarter of the Si4+ ions by Al3+ ions.
These layers are kept together by electrostatically bound
interlayer cations, namely potassium ions (K+), compensating
the charge, as shown in the model structure of figure 1(a),
which is a projection of the crystal onto the a-axis. The easy
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Figure 1. Schematic representation of the muscovite mica crystal
structure. Vectors a and b define the {001} planes, vector c is the
surface normal vector. (a) Side-view (projection onto the a-axis)
exhibiting aluminosilicate layers separated by electrostatically bound
interlayer potassium ions. (b) Hexagonal arrangement of the {001}
surface top layer (projection onto the c-axis) exhibiting Si (partly Al)
and O atoms of a cleaved mica surface, residual potassium ions are
not displayed.
cleavage of mica originates from the weak bonds between the
potassium ions and the two adjacent aluminosilicate layers, and
it has been claimed that upon cleavage the atomic structure of
the aluminosilicate layers is undisturbed while the potassium
layer is disrupted [15]. Therefore, a cleaved mica surface
exhibits a hexagonal arrangement of Si (partly Al) and O
atoms, as illustrated in figure 1(b); however, this surface can
be expected to be partly covered by potassium ions from the
cationic layer.
Based on this structure, the surface preparation of mica
appears to be straightforward, suggesting that highly resolved
images revealing atomic structures should be possible without
further surface treatment. Indeed, a number of studies
exists, demonstrating lattice resolution, namely the regular
arrangement of hexagonal SiO4 rings [16–23]. Such results
(revealing structural periodicity but no individual atomic-
scale defects) can quite easily be obtained with contact-
mode atomic force microscopy operated either in ambient
atmosphere [16, 18, 19] or in a liquid environment [20, 21].
Therefore, mica is often used as a standard for calibration and
performance testing of commercial force microscopes operated
in the contact mode. Recently, imaging with atomic-scale
resolution of the lattice and atomic defects using non-contact
atomic force microscopy (NC-AFM) in liquid environment has
been demonstrated [22].
The initial intention of the present study was to prepare
and to measure the mica surface under the controlled
conditions of an ultra-high vacuum (UHV) to reveal the surface
atomic structure as we have demonstrated it for other dielectric
crystalline surfaces [24]. Upon cleavage in UHV, however,
the mica surface is found to be highly charged, effectively
prohibiting NC-AFM imaging of any reasonable resolution.
This peculiarity stems from the strong interaction between
inhomogeneously distributed surface charges and the tip of
the force microscope, introducing fluctuating forces during
scanning that outbalance by orders of magnitude the subtle
force contrast features representing nanoscopic and atomic-
scale surface structures. Air-cleaved surfaces measured under
UHV conditions, in contrast, reveal far less surface charge and
can readily be imaged with NC-AFM.
In the present study, we explore the surface structure and
limits of resolution that can be obtained when investigating
mica sheets prepared under the practically relevant conditions
of cleavage in air while imaging is performed under UHV
conditions. On such a surface we find a large number of small
particles covering the surface, but also larger, more regularly
shaped islands. These results strengthen previous speculations
proposing that the islands originate from a reaction of residual
surface potassium ions with carbonaceous gases and water,
forming potassium carbonate crystallites. Most importantly,
we demonstrate that this contamination layer is not removed
using standard UHV cleaning procedures.
2. Experimental procedures
Experiments are performed in a UHV system with a base
pressure below 10−10 mbar consisting of a preparation chamber
with a home-built UHV cleavage facility and a measurement
chamber equipped with a commercial dynamic atomic force
microscope (UHV 750 from RHK, Troy, Michigan, USA)
that is operated in the non-contact mode as described in
our earlier studies [25]. As force sensors, we use p-doped
silicon cantilevers (PPP-QFMR from Nanosensors, Neuchaˆtel,
Switzerland) with a resonance frequency of about 70 kHz, a
spring constant of about 2.8 N m−1, and a Q value above
80 000 in UHV. The cantilever oscillation amplitude is kept
constant at a level of 10–15 nm. All tips are covered by a native
oxide layer when purchased. We use these tips without any
further treatment; however, we perform a bake-out at 400 K in
UHV to remove volatile contaminants prior to AFM imaging.
When approaching the surface with the oscillating cantilever,
the tip–surface interaction results in a change in the resonance
frequency, commonly referred to as detuning. Two operation
modes are possible, namely the constant height mode and
the constant detuning mode [26]. It turned out that only the
constant height imaging mode is capable of providing highest-
resolution images of the nanoscopic details that we observe on
the mica surface. This mode can, however, only be used when
scanning on fairly flat terraces. Images recorded in the constant
height mode directly provide the detuning signal  f but do not
provide any topographic information. In contrast, for imaging
high clusters and crystallites, the constant detuning mode is
used. In this mode, the detuning signal is kept constant by
adjusting the tip–surface distance, and the error signal of the
regulation loop provides the topography signal z.
For best imaging contrast on air-cleaved surfaces, the tip–
surface electrostatic interaction is minimized by a variable
sample bias voltage of typically −2.5 to +2.5 V applied
at the metallic sample support [27]. For the UHV-cleaved
surfaces, however, a bias voltage of more than −130 V
might be needed to compensate the electrostatic tip–sample
interaction. Low-energy electron diffraction (LEED) data
were obtained in another UHV chamber equipped with a four-
grid diffractometer (RVL 8-120 M2 from Princeton Research
Instruments, Princeton, New Jersey, USA).
The mica samples originated from Plano GmbH (Wetzlar,
Germany) and are of best available quality (Hi-Grade Quality).
In order to obtain very clean mica samples and for ease of
sample handling, the initial mica sheet was repeatedly cut and
cleaved (every cut was followed by a cleave) until the specimen
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would fit into the sample holder. We cleave samples by scoring
with a knife not by attaching and removing adhesive tape,
thereby avoiding contamination that might originate from the
tape. The final cleavage for ex situ preparation is performed
with mica already mounted on the sample holder in order to
avoid contamination from the insertion into the sample holder.
For UHV cleavage of mica samples, we use a home-built
cleavage facility consisting of a knife attached to a wobble
stick.
Prior to NC-AFM experiments, air-cleaved mica samples
are degassed at temperatures ranging from 500 to 560 K in an
attempt to remove adsorbed water and other airborne contam-
inants, following recipes reported in the literature [6–9, 14].
Prior to LEED experiments, the air-cleaved mica samples are
treated similarly with degassing temperatures varying from 400
to 850 K. The sample temperature is measured by a type-K
thermocouple attached to the sample holder close to the mica
sample. To explore the preparation conditions, we have sys-
tematically varied two major parameters, namely the degassing
temperature and the degassing period, and relate these to the
resulting surface quality. As the optimum we found the above-
mentioned temperatures and a degassing period of about two
hours, which is similar to parameters reported in the litera-
ture [6–9, 14].
3. Results and discussion
When cleaving mica in UHV, the surface potential is typically
−80 V, and we occasionally find values above −130 V.
However, even upon applying an overall compensating voltage
between the tip and the sample support, imaging the surface
at such high potentials is not possible as charge is distributed
inhomogeneously and spatially fluctuating electrostatic forces
dominate the AFM contrast. We tried to remove the charges
by annealing after cleavage; however, even annealing at 560 K
for 12 h did not reduce the surface potential significantly. As
another strategy for removing surface charges, we exposed
UHV-cleaved samples to air. It was found that UHV-cleaved
samples had to be exposed to air for a couple of minutes to
reduce the potential to values within the range of −2.5 to
+2.5 V which usually allows high-resolution imaging. The
surface morphology of UHV-cleaved mica samples that are
exposed to air after cleavage is similar to the morphology of
surfaces prepared by cleavage in air.
It has been suggested that the interlayer potassium ions are
statistically shared between the two freshly cleaved mica sheets
after cleavage and, therefore, any freshly cleaved mica surfaces
is expected to be covered with half a monolayer of potassium
ions that are, however, not ordered in a specific structure or
reconstruction [15]. Therefore, we ascribe the observed strong
charging of UHV-cleaved mica surfaces to the presence of
potassium ions. Several methods for neutralization or removal
of the residual surface potassium ions have been suggested
in the literature, including neutralization and sputtering of
potassium with 1 keV electrons [3], and sublimation of
potassium by substrate heating (600–900 K) [3, 28] or laser
irradiation [29]. However, none of these experiments yielded
convincing evidence that the mica surface can be neutralized
Figure 2. NC-AFM image and LEED pattern of air-cleaved
muscovite mica surfaces after degassing in UHV. (a) NC-AFM image
recorded in the constant height mode with an average detuning of
−69 Hz and a bias voltage of −0.92 V. A high density of small
particles and one larger structure (marked by a circle) are observed.
The dark region to the left of this larger structure is an experimental
artefact due to imaging with a topography loop with a very small
loop gain. This sample was degassed in UHV at 560 K for 2 h.
(b) LEED pattern obtained at an electron energy of 85 eV after
degassing in UHV at 850 K for several hours. Degassing at 400 K for
several hours reveals an identical LEED pattern.
in one of these ways without being damaged. Therefore, we
focus here entirely on the investigation of the air-cleaved mica
surface and leave efforts to prepare a perfect UHV-cleaved
mica surface to future studies.
The typical surface morphology of an air-cleaved mica
surface is presented in the image shown in figure 2(a).
Air-cleaved mica surfaces always exhibit a high density of
small particles and a small number of larger structures.
We investigated the influence of degassing on the surface
cleanliness by a systematic variation of degassing temperature
and degassing period. Temperatures were varied from 350
to 560 K, and the degassing period was increased up to
18 h. However, none of these modifications led to a
removal of the particles, and it was not possible to obtain a
clean surface locally exhibiting atomic structure. To check
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whether the surface below the particles is atomically well
ordered, we performed low-energy electron diffraction (LEED)
measurements that do not probe the local atomic structure
but an average structure sampled over a surface area with a
diameter of 1 mm and a depth of about 1 nm. As shown
in figure 2(b), the LEED pattern reveals bright and well-
defined spots in a hexagonal arrangement, corresponding to
the hexagonal atomic surface structure of mica. Also, the
LEED pattern was found to be independent of degassing
temperature when varied from 400 to 850 K. This result
suggests that the surface underneath the small particles is
indeed the unperturbed mica cleavage plane.
An analysis of the small particles yields that their density
is independent of the annealing temperature and duration. The
density of the small particles in figure 2(a) amounts to 4500
particles per μm2. The apparent lateral size of particles ranges
from 1 to 5 nm. To achieve higher resolution on and in between
the particles, we performed further NC-AFM experiments.
Figures 3(a) and (b) present high-resolution NC-AFM images
obtained on another mica surface with a different AFM tip.
Besides reducing the scan size, we reduced the tip–sample
distance. Under such imaging conditions, the particles are not
imaged as protrusions but as apparent depressions with a bright
rim. This is due to a peculiarity in AFM contrast formation,
indicating a transition from purely attractive to the onset of
repulsive interaction forces between the tip and the particles
that is discussed in detail elsewhere [33]. The shape and
position of the particles are robust against this close approach
by the tip, indicating that they are firmly anchored on the
surface. Although the regions in between the particles appear
to be atomically flat (see figure 3(b)), it is not possible to reveal
any atomic structure as atomic contrast features are covered by
fluctuations due to the nanoscale roughness of the surface. The
particle density in figures 3(a) and (b) amounts to 20 800 and
38 500 particles per μm2, respectively. These density values
indicate that only a fraction of the particles are seen in the
large-scale images, illustrating that a precise determination of
particle densities may be a delicate question of choosing the
right frame size.
To investigate larger structures like the one circled in
figure 2(a) with respect to their topography and morphology,
we switched from imaging in the constant height mode to
the constant detuning mode. This allows us to determine the
height of the larger structures, which varies between 0.6 and
5.0 nm. Larger structures often appear to be rather regular
with respect to both a regular shape as well as a step structure
with atomically flat terraces. A typical example for an island
of 1.7 nm height is shown in figure 4(a), while islands with a
height of 0.6 nm are most abundant. In figure 4(b) we see an
island of 5 nm height, exhibiting a distinct step structure. The
zoom into the area shown in figure 4(c) exhibits steps of 0.3
and 0.6 nm height separating atomically flat terraces.
4. Conclusion
On the basis of our observations and models available in the
literature, we have developed a model for the formation of
small particles and large islands on air-cleaved mica. The
Figure 3. Air-cleaved muscovite mica surface after degassing in
UHV at 473 K for 2 h. (a) NC-AFM image recorded in the constant
height mode with an average detuning of −42 Hz. A high density of
small particles is observed. (b) Zoom into the area combined with
reducing the tip–sample distance, resulting in a detuning of −62 Hz.
In both images, the particles are imaged as depressions due to a
contrast inversion, which can be ascribed to the onset of repulsive
interaction. (Note that the detuning values given here cannot be
compared with the one from figure 2(a) as different tips were used.)
key assumption is that, immediately after cleavage in air, the
residual potassium ions react strongly with constituents of the
surrounding atmosphere. It has been proposed that a reaction
of carbonaceous gases is specifically involved, yielding a
carbon-containing contamination layer [3, 28, 30]. This layer
has been measured with the surface force apparatus, yielding a
layer thickness of about 0.3–0.4 nm [12, 31]. Furthermore, it
has been reported that this contamination layer is not created
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Figure 4. Large regularly shaped islands on air-cleaved mica surfaces after degassing in UHV at 473 K for 14 h recorded in the constant
detuning mode. NC-AFM images recorded in the constant detuning mode. The profiles shown below the images are cross-sections taken
along the indicated lines. (a) Island of 1.7 nm height with regular shape. Image taken at a detuning of −7.3 Hz and a bias voltage of 0 V. (b)
Island of 5 nm height. The extended bright lobes in the centre of this structure are a scanning artefact. Image taken at a detuning of −4.0 Hz
and a bias voltage of −1.3 V. (c) Zoom into the structure marked by the square in frame (b) revealing three terraces. Image taken at a detuning
of −22.1 Hz and a bias voltage of 0 V.
by simple adsorption of CO or CO2, but only when water is
present and acting as a binding agent [3, 30]. It has, therefore,
been suggested that the contamination layer originates from
a reaction of CO2 with water and potassium ions, resulting
in potassium carbonate [12]. This model well explains why
air-cleaved surfaces show a strongly reduced surface charge
compared to the UHV-cleaved surface, as the surface reaction
readily compensates the potassium excess charge.
Beside the contamination layer, the high-resolution NC-
AFM images reveal regularly shaped islands of about 30 nm
size. The regular shape of these islands resembles the shape of
the micrometre-sized structures observed before with scanning
electron microscopy [11]. These larger structures have been
ascribed to potassium carbonate crystallites that grow from the
contaminants during drying [12]. We, therefore, assume that
the regularly shaped islands observed in our study consist of
potassium carbonate crystallites that grow from dissolved CO2
and potassium ions within a water film on the surface. As the
crystal growth takes place within the water film, the size of
the crystallites is likely to depend on both the amount of water
on the surface and the details of the drying procedure. Due
to the fact that potassium carbonate has a good solubility in
aqueous solution and that adsorbed layers are easily removed
upon direct contact with a scanning tip [32], it can well
be understood why neither contact-mode AFM nor NC-AFM
when performed in an ambient or liquid environment revealed
contaminated samples or crystallite growth.
As the final most important result, we have shown that
standard cleaning procedures that are commonly applied to
air-cleaved mica surfaces when using them as a substrate
in UHV fail to remove the adsorbed layer of contaminants.
Even prolonged heating at elevated temperatures under UHV
conditions does not result in an atomically flat substrate
surface. In future studies we will explore strategies such as ion
exchange in dilute acid solutions [11] for removing the surface
charges to evaluate whether these methods are also applicable
for transforming mica into a UHV-compatible substrate.
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